Quantum Cascade lasers (QCLs) in the terahertz frequency range have become significantly improved in recent years. 1 These improvements have enabled lasing up to 200 K, 2 a maximum output power of 1 W, 3 and octave spanning devices. 4 Accurate knowledge of electronic energy states in Quantum Cascade heterostructures is indispensable for the design of broadband laser structures and active regions with high maximum operating temperatures (T max ). Both features require a good understanding of how the individual quantized electron states contribute to the overall lasing performance. A broadband terahertz QCL gain medium is desired especially when it comes to enabling frequency combs 5 or ultrashort pulse generation. 6 The most efficient way to create broadband terahertz QCL active regions is to grow heterogeneous Quantum Cascade structures consisting of multiple subactive regions centered at different frequencies. 7 This technique allows us to add the gain bandwidth of each subactive region and has enabled octave-spanning emission for terahertz QCLs, lasing from 1.64 to 3.35 THz by stacking three different active regions. 4 High operating temperatures for terahertz QCLs are an ongoing challenge since their first demonstration in 2002. 8 Up to now, the record operating temperature T max is 200 K, 2 which was achieved by using a three-well active region design with a resonant LO-phonon depopulation mechanism. 9, 10 To increase this temperature, different active region designs were studied, including two-well designs, 11, 12 double-phonon depopulation designs, 13 and a higher barrier for reduced electron leakage.
14 Apart from alternative designs, novel material systems with a lower effective electron mass m Ã e were studied, because the optical gain is proportional to ðm Ã e Þ À3=2 . 15 Such material systems include InGaAs/In(Ga)AlAs, [16] [17] [18] [19] InGaAs/GaAsSb, 20 and InAs/AlAsSb 21 with material compositions lattice matched to InP and InAs. Up to now, neither alternative designs nor novel material system could surpass the operating temperature of 200 K.
A narrower spectral gain of the active region is a strategy to improve the temperature performance of existing designs. Calculations based on the nonequilibrium Green's functions method 22 or using a Monte Carlo approach 23 can be used to describe the gain profile of terahertz QCLs. Terahertz time-domain spectroscopy measurements provide valuable information like spectral gain profile 24 and gain dynamics 25, 26 and can be used to improve the performance of active region designs. Another approach for understanding gain broadening processes is to study the dominant scattering mechanisms (impurity and electron-electron scattering) between the different energy levels. One method to study these scattering mechanisms is to apply a magnetic field perpendicular to the plane of the layer structure. 27 The device performance of terahertz QCLs is modified dramatically in the presence of a magnetic field. The suppression of nonradiative relaxation channels reduces the threshold current density 28 and allows higher operating temperatures. For a GaAs/AlGaAs based terahertz QCL, T max of 225 K at a magnetic field of 19.3 T was achieved. 29 The lower effective mass of InGaAs reduces the required magnetic field, resulting in 190 K at 11 T for InGaAs/GaAsSb 30 and 195 K at 12 T for InGaAs/InAlAs 31 terahertz QCLs. In the present study, we investigate a dual-color GaAs/AlGaAs terahertz QCL with two upper laser states to study the influence of the operating temperature on the preferred lasing transition and compare it to band structure calculations. To obtain information on scattering mechanisms for the population of the two upper laser states, we apply a magnetic field parallel to the grow direction and find for higher Bfields a progressive switching of the emission intensity from one lasing colors to the other.
The used QCL design is a three-well active region with an aluminum concentration of 21% in the barrier to suppress electron leakage at elevated temperatures, resulting in T max ¼ 196 K at a frequency of 3.8 THz.
14 The active region is processed in metal-metal waveguide geometry to ensure high mode confinement and low optical losses. For multimode lasing, nickel side absorbers are added in the processing step to suppress higher order lateral modes. 6 Figure 1(a) shows the lasing transitions of the investigated threewell design at bias fields of 12.2 and 12.5 kV cm
À1
. The two upper laser states and lower laser state are marked as levels j4i; j3i, and j2i. The two different lasing transitions are marked as LT 32 and LT 42 for the transitions j3i ! j2i and j4i ! j2i, respectively. Level j1i is the extraction state, which is efficiently depopulated by a LO-phonon emission to the injector state of the next period. Compared to other three-well quantum cascade structures, 2,10 the injector barrier of this structure is more pronounced due to its higher Al concentration. This results in a small energy separation between the injector level j4i and the upper laser level j3i of E 43 ¼ 1.75 meV (compared to 2.3 meV and 2.9 meV in Refs. 10 and 2, respectively) and furthermore in a similar oscillator strength for both transitions of these two energy states to the lower laser level j2i (f 42 and f 32 ). To calculate the spectral gain profile of the structure for different bias fields, we use a simple model based on the calculation of the spectral gain cross-section
where e is the electron charge, z i is the dipole matrix element for the two states that contribute to the gain, n ref ¼ 3.6 is the refractive index, k i is the wavelength for each transition, c ¼ 1 meV is the assumed level broadening, and E i is the energy of the relevant transitions. Figure 1 (b) shows the combined gain cross-section of transition LT 32 and LT 42 for bias fields in the range from 12.1 to 12.5 kV cm
, where a linear offset in the y-axis is added for each bias point to enhance the clarity. For low bias fields, the main part of the gain is located at LT 42 , which changes to transition LT 32 for higher bias fields. Beside this, a blueshift can be seen for both transitions induced by the Stark effect.
The spectrum in Fig. 1(c) shows multimode lasing and two separated lasing regions at 3.4 THz and 3.8 THz which correspond to an energy difference of DE ¼ 1.65 meV. This is in good agreement with the energy difference of the injector and upper laser state E 43 obtained from band structure calculations done with a 1-dimensional Schr€ odinger solver. With this dual-color emission, our QCL structure is well suited to study the population of each of the two upper laser states as well as the interaction between them. This is very important for understanding the injection process and provides a possibility for controlled switching of terahertz colors. While the bias dependence of the matrix elements is quite clear, the emission intensity also depends on the population of each of the two levels.
To investigate the bias dependent emission color at different temperatures, the processed samples are mounted on the cold finger of a continuous flow cryostat. The emitted terahertz radiation is collected with a parabolic mirror and guided into a Fourier-transform infrared (FTIR) spectrometer with an integrated deuterated triglycine sulfate (DTGS) terahertz detector. Figure 2(a) shows the light-current-voltage (LIV) measurements at heat sink temperatures of 5 K, 80 K, and 140 K. For the LIV measurements, the device (2550 lm long and 120 lm wide, with a 15 lm nickel side absorber) is driven with a pulse length of 500 ns and a repetition rate of 10 kHz (0.5% duty cycle) to prevent heating of the structure during laser operation. The colored dots represent the operating points ranging from lasing threshold up to the maximum intensity for the measured spectra shown in Fig.  2(b) . For all temperatures, the lasing spectra at threshold start with a frequency of 3.8 THz corresponding to the transition LT 42 . This matches our calculation of the gain cross-section, which shows higher gain for this transition at lower bias fields [compare Fig. 1(c) ]. For the two low temperature measurements, transition LT 32 appears for higher current densities and thus higher bias fields, whereas for the measurement at 140 K, this transition does not occur anymore. It also becomes apparent that the intensity of LT 32 is already reduced at 80 K. Although thermally activated energy distribution among the two states is expected at an elevated temperature, the wide injector barrier prevents a sufficient population of state j3i and reduces the lasing transition LT 32 . This shows that the spectral gain cross-section, calculated with a 1-D Schr€ odinger solver, cannot explain the obtained spectral mode formation, since a more precise knowledge of the population density of each state is required. The low temperature spectra show a blueshift for transition LT 32 for increasing current densities. The center frequency increases from 3.4 THz to 3.46 THz. Compared to the gain cross-section calculation, the increase in 0.06 THz corresponds to a changed bias field of 0.1 kV cm
. Although the calculation of the gain cross-section also predicts a blueshift for LT 42 , the spectra show that this transition is frequency stable. This behavior can be explained by the fact that state j4i is more localized at the doped injector well and the space charge there leads to a different voltage drop vs state j3i. However, an alternative explanation could be that the two different lasing transitions are spatially separated in different Quantum Cascade periods due to the formation of electric field domains in the active region. To contradict the latter assumption and verify that both transitions LT 42 and LT 32 occur together in the same period inside the active region, we apply a magnetic field. Thereby, we investigate the scattering induced interaction of the two electron states of both upper laser levels.
The measurements are performed in a cryostat with a superconducting magnet providing a magnetic field up to 7.5 T. The laser device (1900 lm long and 90 lm wide, with a 10 lm nickel side absorber) is mounted on a probe, which is immersed in liquid helium (LHe) [see Fig.  3(b) ]. This guarantees a stable operating temperature of 4.2 K. The magnetic field is applied parallel to the growth direction in order to achieve an in-plane confinement of the electrons. The individual intersubband energy states jii split into a set of equidistant Landau levels ji; ni [with E i;n ¼ E i þ ðn þ 1=2Þ hx c ], separated by the cyclotron energy hx c ¼ heB=m Ã , where e is the electron charge and m Ã ¼ 0.067m 0 is the effective electron mass in GaAs. The emitted light is collected by a small parabolic mirror and guided via a light pipe to the FTIR spectrometer. For the LIV measurements [see Fig. 3(a) ], the duty cycle is increased to 1% to compensate for the optical losses in the light pipe. Figure 3(c) shows the threshold current density J th and the maximum lasing intensity as a function of the magnetic field B. For moderate B-fields up to 3 T, the emission intensity raises slightly and then starts to decrease. The threshold current density decreases for higher B-fields, which is a result of the reduced nonradiative scattering processes. For magnetic fields higher than 6 T, J th increases again, which can be explained by the reopening of the elastic scattering channel.
To distinguish between the two intensities of transitions LT 32 and LT 42 , spectra were recorded for several different operation points. Figure 3(d) shows the spectra for magnetic fields of 0 T, 3.75 T, and 7.5 T, which belong to the operation points marked in the light-current curve of Fig. 3(a) , where the transitions LT 32 and LT 42 are colored orange and blue, respectively. The integrated signal for each of these two transitions is shown in Fig. 3(e) . For B¼ 0 T, the transition LT 32 is clearly dominant, while for B > 1 T, the quantizing magnetic field reduces the elastic scattering from j4i to j3i and changes the electron population density of these two states. This leads to a reduced emission for LT 32 and a more pronounced intensity for LT 42 at a magnetic field of 3.75 T. For the highest magnetic field (B ¼ 7.5 T), transition LT 32 vanishes completely due to the crossing of the Landau levels j3; 0i and j2; 1i.
A full scan of the frequency resolved QCL emission as a function of the magnetic field and applied bias voltage is shown in Fig. 4 . In the lower panel, the Landau fan for the involved two upper laser states j3; ni and j4; ni as well as the lower laser state j2; ni is shown. Due to Applied Physics Letters ARTICLE scitation.org/journal/apl the low nonparabolicity of GaAs, we do not consider the nonparabolic correction. The crossings of j2; n ¼ 1; 2; 3i with j3; 0i and j4; 0i are marked with gray vertical dashed lines for the left and right maps. Around 8.2 T, there is a crossing between the j3; 0i and j2; 1i Landau levels. This crossing reopens the channel for elastic scattering that had been closed by the Landau quantization and thereby leads to a suppressed lasing action. In addition to these nonradiative transitions assisted by static disorder (in our case, most probably, impurity scattering), there is an energy coincidence between the cyclotron resonance transition between the Landau levels attached to both the j2i and j3i states and the intersubband energy E 3 À E 2 . Under such a circumstance, it has been shown 33, 34 that, despite the small electron concentration in terahertz QCLs (here 3.5 Â 10 10 cm
À2
), an efficient Auger scattering takes place at the magnetic field where two electrons in j3; 0i are ejected by the electron-electron interaction, respectively, in j3; 1i and j2; 0i according to E 3 À E 2 ¼ hx c . The same scenario repeats around 4.1 T and 2.7 T with Auger final states being j3; 1i and j2; 1i and j3; 1i and j2; 2i, respectively. A plausible intrinsic reason why the Auger effect can be so efficient lays in the peaked aspect of the one and two electron densities of states of free electrons in a quantizing B-field. Within the Fermi Golden rule approach, the scattering frequency of an initial two electron j3; 0i state behaves like the integral of the density of states of the first electron at j3; 1i ðqð I À E 3 À 3=2 hx c ÞÞ times that of the second electron at j2; 0i ðqð II À E 2 À 1=2 hx c ÞÞ, restricted by the energy condition dð I À II À 2 hx c Þ. This leads to a huge number of final states and therefore to a very short level lifetime, when the resonance condition E 3 þ 1=2 hx c ¼ E 2 þ 3=2 hx c is fulfilled. For the other Auger resonances located around 4.1 T and 2.7 T, the same argument would hold, except for the fact that the one electron densities of states are smaller at these smaller B-fields. This whole argument can also be applied to the crossing of Landau level j4; 0i and j2; 1i at around 9.1 T and explains the reduced laser emission of LT 42 at 7.5 T.
At zero magnetic field, electrons injected in the subband of level j4i can be elastically scattered to the subband of j3i. This is considered to be a rather efficient process because the small energy difference between j3i and j4i implies a small wavevector exchange between the initial j4ki and the final j3k 0 i states, an advantage for Coulombic scattering. When the electrons enter the quantizing regime due to a strong enough B-field, these elastic scattering channels are progressively suppressed and what remains for populating the Landau levels attached to j3i from those attached to j4i is the acoustical phonon emission, very ineffective at low temperature or the Auger effect. The latter is hindered by two electron energy conservation at fields B > m Ã ðE 4 À E 3 Þ=ð heÞ % 1 T (marked as a vertical black dashed line in Fig. 4) . Thus, the electron supply to the Landau levels attached to j3i by those injected in the Landau levels attached to j4i is progressively quenched with the increasing B-field and leads to a switching of the predominant emission color from LT 32 to LT 42 .
In conclusion, by studying a terahertz QCL with pronounced dual-color emission from two upper laser states, we have found that the operating temperature and an applied magnetic field have a strong influence on the lasing behavior of a dual-color terahertz QCL emitting at 3.4 THz and 3.8 THz. The dual transition lasing is achieved by using an active region with a low energy spacing of the injector and upper laser state and a similar matrix element of these two states with the lower laser level. Spectral measurements show lasing of transition LT 42 at threshold for all investigated temperatures. At elevated temperatures, the population from state j4i to state j3i is reduced and decreases the population inversion for transition LT 32 and hence also the lasing emission from this lasing band at 3.4 THz. This shows that-despite the small energy separation between the two upper states-the population between them is not thermalized. This is particularly important for the design of new high temperature active regions, enabling lasing above 200 K. Measurements with an applied magnetic field perpendicular to the layer structure show the mutual influence of the two lasing bands at low temperature. Strong magnetic fields suppress the elastic electron scattering from state j4i to j3i and enhance the lasing emission of LT 43 at 3.8 THz. The results show that both upper states have an independent population which interact through inelastic scattering. With the magnetic field, the scattering channels can be controlled very precisely and thus the emission color can be switched.
